We investigate the formation of magnetic domains in a magnetic trilayer patterned using ion beam bombardment. The system consists of a finite array of in-plane magnetized ferromagnetic Fe elements embedded into an antiferromagnetically coupled Fe/ Cr/ Fe trilayer. Varying the interelement distance, we observe by means of magnetic force microscopy an intriguing transition from individual to collective behavior of the array elements. Above a critical interelement spacing, strong interelement coupling effects are observed, leading to complex correlations between domain structure on individual elements. The mechanism driving these correlations is the formation of domain boundary walls between elements, contrary to the more commonly observed dipolar coupling effects in magnetic arrays fabricated using lithography. Below this critical spacing, the entire array behaves as a single magnetic entity, exhibiting a collective magnetic domain state. The experimental observations can be simulated numerically and explained using an analytical model. The model correctly predicts observed dependencies on interelement distances.
I. INTRODUCTION
Pattern formation in the context of magnetic domains offers fascinating studies of complex phenomena in systems that can be studied experimentally with relative ease. The essential features of magnetic domains were first discussed by Landau and Lifshitz, 1 and have been studied since in great detail by numerous authors ͑see Ref. 2 for an excellent review͒.
We report here on the formation of magnetic domains in a magnetically inhomogeneous thin film structure. This system consists of a finite array of in-plane magnetized ferromagnetic Fe elements which are embedded into a surrounding, antiferromagnetically coupled Fe/ Cr/ Fe trilayer. An extensive study of single, isolated elements of this type has been performed in a previous work, 3 and this paper is an extension of this work to the case of interacting elements. We find that domain pattern formation in embedded elements displays intriguing and unique collective effects. Most significantly, we show that relevant length scales determining the correlations observed between domains can be controlled completely through ion irradiation and trilayer construction.
The study of small magnetic elements in array geometries attracts considerable attention due to their potential for application as innovative magnetic data storage and programmable logic devices. [4] [5] [6] [7] [8] [9] [10] [11] [12] Usually, these arrays are formed from periodically arranged ferromagnetic "dots" or "islands" which are topographically separated from each other. In these structures, there is no magnetic material between individual elements, 13 and collective magnetic behavior is determined by long-range dipolar coupling effects ͑however, see also Ref. 14͒ . Such dipolar coupling effects have been studied experimentally in a number of contexts [4] [5] [6] [7] [8] [9] [10] and modeled theoretically using micromagnetic simulations. 11, 12 In the systems studied here, the exchange interaction plays a determining role in mediating effective interactions between array elements. The reason is that the dominant energy determining domain boundaries in our embedded element system is the energy required to form domain walls in the magnetic regions between the elements. These walls set the relevant characteristic length scale for interelement interactions, and can compete with magnetostatic energies in the formation of stable domain patterns. At a critical interelement clearance, determined by these length scales, we observe a transition from an individual to a collective magnetic behavior with regards to the formation of magnetic domains. A simple analytic model is proposed which captures the essential features of the competition between energies. Results are also in qualitative agreement with micromagnetic simulations.
II. EXPERIMENTAL METHODS
The embedded magnetic element array studied in this work was fabricated by local irradiation of an epitaxial, antiferromagnetically coupled Fe/ Cr/ Fe trilayer with 30 keV Ga + ions. These ions penetrate the multilayer stack and cause structural damage, in particular, within the Cr interlayer region. For sufficiently high fluences, this leads to a local destruction of the interlayer and, thus, to a direct magnetic contact between the two Fe layers. In this way, a local tran-sition from antiferromagnetic to ferromagnetic coupling is achieved. 18, 19 It has been shown previously that micron-sized areas which have been irradiated in this way exhibit the properties of small ferromagnetic elements. 20 For the experiments discussed in the following, 2 ϫ 2 m 2 square elements of this type were fabricated and were arranged in arrays of 4 ϫ 4, with different interelement spacings ranging from 200 nm to 2 m.
All arrays are located on the same sample, which was prepared onto a MgO ͑100͒ substrate covered by a 1 nm thick Fe seed layer and a 125 nm thick Ag buffer layer by means of electron beam evaporation. The trilayer itself was of the form Fe͑10 nm͒ / Cr͑0.7 nm͒ / Fe͑10 nm͒ and was covered by a 2 nm thick Cr cap layer to prevent oxidation. The exact growth procedure is described elsewhere in more detail. 20 Magnetometric measurements by means of the longitudinal magneto-optical Kerr effect confirmed that the sample exhibited a strong antiferromagnetic interlayer exchange coupling in the as-prepared state ͑see Fig. 1 for a typical magnetization curve͒. An ALTURA 865 dual beam focused ion beam source was used for the irradiation. In all cases, an ion fluence of 2.7ϫ 10 16 ions/ cm 2 was applied. Subsequently, the irradiated structures were investigated by means of magnetic force microscopy ͑MFM͒ using a SOLVER NT-MDT magnetic force microscope. This machine was equipped with CoCr coated MFM tips manufactured by VEECO, and was employed in the tapping mode. A distance of 50 nm between tip and sample was chosen to minimize perturbative interactions of the tip stray field with the sample magnetization. Moreover, prior to MFM investigations, the sample was demagnetized by applying an ac field perpendicular to the film plane.
III. EXPERIMENTAL RESULTS
We begin our discussion of MFM images of the array with the largest interelement spacing. Figure 2 contains MFM images of this array with 2 ϫ 2 m 2 elements and an interelement spacing of 2 m. Regular patterns of domain walls are clearly visible and define identical domain patterns in each individual element in remanence ͓Fig. 2͑a͔͒ and in saturation ͓Fig. 2͑b͔͒. There is no indication of interelement interaction since the resulting domain patterns are exactly what one expects for independent square ferromagnetic elements. In this regard, it is also clear that the irradiated regions behave as ferromagnetic particles with strong shape anisotropies created by magnetostatic fields. The regions between ferromagnetic elements do not appear strongly affected by stray dipolar fields, consistent with their antiferromagnetic coupling. During magnetization reversal, no identifiable effects of interelement coupling or other types of collective behavior were observed outside the individual elements.
The situation changes if the spacing between the elements is reduced to 1 m and below. In Fig. 3͑a͒ , an atomic force microscope ͑AFM͒ image of such an element array is shown, while in Fig. 3͑d͒ , the corresponding MFM image in remanence is displayed. It is particularly evident in Fig. 3͑d͒ that the remanent magnetic domain state of an element depends on its position within the array. For example, elements at the array "corners" exhibit a more or less undisturbed Landau domain configuration similar to the remanent configuration of the elements shown in Fig. 3͑a͒ . The eight array edge elements, which are not corners, exhibit distorted, asymmetrical Landau-type configurations. The four central elements within the array show remanent magnetic configurations with very little or no resemblance to a Landau pattern. By way of analogy to the distinction between surface and bulk effects in continuous films, these images suggest that there are different perimeter and center environments for elements in the embedded finite array.
We now seek to understand the above observations in terms of effective interelement coupling. In particular, the Landau patterns of central elements appear to be most strongly affected by this coupling due to having four nearest neighbors, whereas elements at the array edges have at most only three near neighbors. Landau patterns of elements at the array corners are affected the least, since they only have two nearest neighbors.
In this interpretation, it is interesting to note that the application of a small external field ͓as indicated by the white arrow in Fig. 3͑g͔͒ , leaves the magnetic configuration of the corner elements relatively unaffected as compared to that of the remaining elements. This is consistent with our interpretation if we realize that a stable Landau pattern inside a given element requires a particular arrangement of domain walls around the element perimeter in addition to domain walls within the element. Landau patterns in elements with few interelement interactions can, therefore, be more stable than Landau patterns in elements with strong interelement interactions. This idea has been tested by numerical simulations using a micromagnetic approach. The numerical results are in qualitative agreement with observations, and support our interpretation of the interelement coupling mechanism in terms of domain walls. A discussion of the method and results are given in the Appendix. In Sec. IV, we present a useful model which makes this explicit by taking into account the cost in energy for forming domain walls in the regions between elements and in the regions outside the array.
A saturated single-domain state in all elements is achieved with an applied field value of 54 Oe ͓Fig. 3͑j͔͒, which is significantly smaller than the saturation field value of 81 Oe for the elements shown in Fig. 3͑b͒ . These results are consistent with our earlier finding that the saturation field decreases if the size of the elements is increased for square elements of 2 m and larger. 21 This raises a particularly interesting possibility. If an interelement coupling exists within an array of elements, and if the coupling is such that the elements behave as a collective entity, then the array as a whole should behave as a single large element with a reduced saturation field. Hence, also the lateral dimensions of the array should play a role in the magnetization reversal behavior of the elements, in a manner that can be controlled through modifications to the interelement coupling by changing the interelement spacing.
As will be discussed below, this is exactly what is observed in the experiment. For what follows, it is useful to note that according to the above arguments, Landau patterns in the array corner elements should be affected least way by interelement coupling and spacing variations.
A reduction of the interelement spacing to 500 nm clearly demonstrates that a collective magnetic behavior exists. This is illustrated in Fig. 3͑b͒ for an array of elements spaced at 500 nm, and in Fig. 3͑e͒ , the corresponding MFM image is displayed in remanence. The array now behaves very much as a single magnetic entity that exhibits a single, large Landau domain structure in remanence. Only some elements at the boundary of this array still exhibit individual magnetic properties in the form of smaller Landau configurations. Application of an external field of 13 Oe causes the larger Landau domain structure to change by enlarging the energetically favorable domains, while leaving some smaller Landau configurations at corners and edges stable ͓Fig. 3͑h͔͒. Although not shown, we have observed that a similar magnetization reversal process for the smaller Landau structures takes place at higher external field values between 27 and 40 Oe when the larger Landau structure has already broken up. Again, at a field value of 54 Oe, the array has reached a saturated single-domain state ͓Fig. 3͑k͔͒. The magnetic contrast that is still visible within the array in this state has a topographic origin and is caused by stray fields at small, irradiation-induced step edges at the element boundaries ͑see Fig. 4͒ .
At an element separation of 200 nm, the elements do not exhibit individual properties in remanence. Only a single large Landau structure extending over the whole array can be observed ͓Fig. 3͑f͔͒. However, at an external field of 18 Oe, when this large Landau structure is in the process of breaking up, the topmost two edge elements of the array exhibit small Landau structures as expected for the more stable edge elements ͓Fig. 3͑i͔͒. Again, at a field of 54 Oe, the whole array is in a uniformly magnetized single-domain state ͓Fig. 3͑l͔͒, with some magnetic contrast of topographic origin showing up also.
The domain-wall-based effective interelement interaction model proposed above suggests that the observed interelement interactions are governed primarily by exchange and not by dipolar interaction. In particular, related studies on arrays of topographically patterned 2 ϫ 2 m 2 square Fe elements of 20 nm thickness and similar interelement distances did not reveal comparable magnetic configurations. 9 In that type of system, magnetic coupling effects were, indeed, detected, but were rather weak and did not significantly distort the magnetic domain configuration within individual elements even at very close interelement distances. Due to the topographic separation of the elements, only dipolar interactions can be responsible for the coupling effects observed in Ref. 9 . However, within the system studied here, due to the presence of magnetic material between individual elements, interelement coupling can, indeed, be mediated via exchange interaction through the formation of domain walls at the perimeters of elements. We next discuss a model for this interelement interaction.
IV. INTERELEMENT INTERACTION AND DISCUSSION
The experimental results displayed in Figs. 1 and 2 lead to the suggestion that there exists a critical interelement spacing w crit , above which the individual array elements behave as separate magnetic entities and below which the array exhibits a collective behavior as a single magnetic system. In the following, we present a model for this critical width.
Let us consider a square array of N ϫ N embedded ferromagnetic elements, where N is a positive integer. The elements have lateral size L and are spaced ͑border-to-border͒ by a distance w ͓see Fig. 5͑a͔͒ . We assume that this distance is large enough such that the individual elements are each magnetized in a Landau configuration, as displayed in Fig. 5͑a͒ . In this case, an energy of
is needed to form the domain walls appearing in this configuration, where t denotes the thickness of each Fe layer ͑10 nm in our experiment͒, and ␥ w 110 and ␥ w correspond to the specific domain wall energies of the walls inside and at the boundaries of the elements, respectively.
It has been shown previously that the domain walls at the boundaries of embedded ferromagnetic elements exhibit a complex fine structure, which is, in the case of square elements, not the same for all edges of the square. 3 For our purposes, this internal structure is not important, and we make the simplifying assumption that the corresponding domain wall energy can be described by a parameter ␥ w with a value roughly equal to that of a 180°͑100͒-Bloch wall in a material with cubic anisotropy. This energy has been shown to be equal to
͑2͒
where A and K c1 denote the exchange constant and the firstorder cubic anisotropy constant of the respective material. ␥ w . ͑3͒
The energy needed to form the magnetic vortex in the very center of each Landau configuration is not relevant for the calculations that follow and is neglected.
In what follows, we term the areas between elements as "lanes." In the configuration displayed in Fig. 5͑a͒ , the magnetic moments of the two separate Fe layers in lanes are oriented antiparallel with respect to each other, due to the antiferromagnetic interlayer exchange coupling within these areas. Such an antiparallel alignment leads to a gain in the interlayer magnetic energy. Within an array of N ϫ N elements, there is a total number of 2͑N −1͒ 2 +2͑N −1͒ lanes and a total number of ͑N −1͒ 2 lane intersections. Moreover, previous investigations have shown that the domain walls at the boundaries of embedded ferromagnetic elements are located immediately outside of the elements, within the area of these lanes. 3 According to the micromagnetic models developed in Ref. 3 , the magnetic moments of the upper and lower Fe layers are aligned antiparallel with respect to each other only in a certain part of these domain walls. In the following, we assume that this part has a width of roughly one-half of the total domain wall width ⌬. Hence, we will take into account that the width of the lanes in between the individual elements is effectively reduced to a value of w −2͑1 / 2͒⌬ = w − ⌬. According to the above considerations, we thus obtain a gain in energy due to antiparallel orientation in the areas between the elements equal to
where j =1 mJ/ m 2 is the absolute value of the bilinear interlayer exchange coupling constant of the system ͑see, e.g., Ref. 23͒, which has been derived by means of magnetooptical investigations ͑see Fig. 1͒ .
Adding up all contributions, one obtains a total energy for the magnetic configuration displayed in Fig. 5͑a͒ of
͑5͒
In a similar manner, a total energy of
can be approximated for the magnetic configuration displayed in Fig. 5͑b͒ .
A comparison of these two energies in a dimensionless form yields
͑7͒
In the experimentally investigated system described in Sec. III of this paper, we had the case of N = 4 and L =2 m. Moreover, previous investigations yielded a domain wall width of ⌬ Ϸ 500 nm for this system. 3 We, therefore, suppose a value of L / ⌬ Ϸ 4 here. Furthermore, using the material parameters A = 2.1ϫ 10 −11 J / m and K c1 = 4.5 ϫ 10 4 J / m 3 for the exchange constant and first-order anisotropy constant of Fe, respectively, 3 we find that ͑j⌬͒ / ͑t␥ w ͒ Ϸ 25.
Substituting these values into Eq. ͑7͒ results in a quadratic form in ͑w / ⌬͒:
͑8͒
The solution of Eq. ͑8͒ for w gives a critical transition width because the energies of the two configurations shown in Fig. 5 should be equal at the transition. A plot of Eq. ͑8͒ as a function of ͑w / ⌬͒ is shown in Fig. 6 . One sees that Eq. ͑8͒ has a zero at a value of ͑w / ⌬͒Ϸ1, which corresponds to a critical interelement spacing of w crit Ϸ 500 nm. This value is in good agreement with the MFM based observations discussed in the previous section. In conclusion, unique collective magnetic effects were observed by means of magnetic force microscopy in arrays of 2 ϫ 2 m 2 Fe elements embedded into an antiferromagnetically coupled Fe/ Cr/ Fe trilayer. At a spacing of 1 m between the elements, interelement coupling between ferromagnetic elements was observed, which is primarily mediated by exchange interactions through the formation of domain boundary walls. With decreasing interelement distance, a transition from an individual behavior toward a collective behavior of the array elements is found. At intermediate distances, a superposition of individual and collective domain states can be observed, while at very small distances, the array nearly behaves as a single, homogeneous ferromagnetic entity. The observed phenomena can be understood on the basis of a model where the interelement interactions are determined by energy costs associated with domain wall formation at the perimeter of the elements. Estimates based on this model predict the critical width of the interelement spacing, where a transition between individual and collective behavior is observed.
The findings obtained in the case of an interelement spacing of 1 m are also consistent with the earlier observation that the broad, complex domain walls appearing immediately outside of individual elements have a width of approximately 500 nm. 3 Following the above discussion, the lateral range of domain-wall-based magnetic coupling effects between closely spaced embedded elements should be governed by the width of these walls. In particular, it can be expected that elements should interact with each other in this way at interelement distances of twice the wall width, i.e., approximately 1 m, and below. This is, indeed, observed in the experiment.
The results obtained in the course of this work clearly show that arrays of embedded ferromagnetic elements exhibit a number of unique magnetostatic properties. Future studies in this field might be devoted to the magnetodynamical properties of these systems, which, due to the important role of exchange interaction, can be expected to differ significantly from those of conventional magnetic element arrays as well. 
APPENDIX
A micromagnetic approach was used to test the idea of a domain wall mediated effective interaction between embedded elements. The model studied was a 2 ϫ 2 array of magnetic elements. The geometry is defined with the magnetizations in the xy planes of two films, each of thickness d, separated by a spacer of thickness t. A magnetic field is applied along the x direction.
The sum of the Zeeman, anisotropy, exchange, and interlayer exchange energies of the two-film system is
where i is 1 for the top film, and 2 for the bottom film.
Components of the magnetization are written as u ␣ ͑i͒ = m ␣ ͑i͒ / M, where M is the saturation magnetization. Effective lengths contain other magnetic parameters:
contains the applied field H, and a fourfold anisotropy K
contains the ratio of intrafilm exchange A to K, and
is the ratio of interlayer exchange J to K. The exchange parameter J is a function of position due to the ion patterning used to define the array. Note that this term is the only one used to define the ferromagnetic and antiferromagnetic regions in the xy plane by defining it positive for elements, and negative for lanes and regions outside the array. Discretized, this energy is
where the sum over small micromagnetic elements of volume ⌬ 2 d within each film is labeled by the integers n and m. The magnetization in each micromagnetic element is assumed to be uniform. Dipolar energies are also included. The corresponding energy is given in the same notation as a discrete sum over source elements by 
͑A9͒
Magnetic configurations were calculated iteratively in the following way. First, a starting configuration with magnetization elements parallel within a film but antiparallel between films was chosen. A micromagnetic element u͑n , m͒ is then chosen and aligned parallel with field defined by h͑nm͒ ‫ץ−=‬ u͑nm͒ ͑E / Kd⌬ 2 ͒. This process is repeated for all micromagnetic elements and iterated until a stationary, stable, configuration is found. We note that cutoffs in the dipole sums were used to increase speed. The sums were truncated in the calculation of the dipole field term for each element to a radius of 20 micromagnetic elements.
Parameters used for the simulations were A 2 = 400 nm 2 , J 2 = Ϯ 20 nm 2 , D 2 = 0.1, and ⌬ = 20 nm. The magnetic elements are each 15 ⌬ϫ15 ⌬ in size. Example results are shown in Fig. 7 . In Fig. 7͑a͒ , the magnetic configuration in the xy plane is shown for the top film with a magnetic element spacing equal to half the element width. With this spacing, the individual elements each display Landau configurations. In Fig. 7͑b͒ , the spacing is reduced to 2⌬. The individual Landau configurations are distorted. In Fig. 7͑c͒ , the spacing is reduced further to ⌬, and the interlayer coupling J set to zero at the perimeter of each magnetic element. Under these conditions, the array behaves as a single square patch with a single, somewhat asymmetrical, Landau configuration. In this model, we were limited by the size of the system that could be practically simulated. Thus, we could not treat sufficiently finely discretized films to describe the domain walls forming in lanes in Figs. 7͑b͒ and 7͑c͒ . The need to reduce J at the perimeter for collective behavior may not be necessary in a more finely discretized model. In ͑a͒, the spacing between elements is 7⌬. In ͑b͒, the spacing is 2⌬, and in ͑c͒, the spacing is ⌬. The interlayer exchange has been reduced to zero at the perimeter.
